Recent work in both 304L and 316L stainless steel produced by additive manufacturing (AM) has shown that in addition to the unique, characteristic microstructures formed during the process, a fine dispersion of sub-micron particles, with a chemistry different from either the powder feedstock or the expected final material, are evident in the final microstructure. Such fine-scale features can only be resolved using transmission electron microscopy (TEM) or similar techniques. The present work uses electron microscopy to study both the initial powder feedstock and microstructures in final AM parts. Special attention is paid to the chemistry and origin of these nanoscale particles in several different metal alloys, and their impact on the final build. Comparisons to traditional, wrought material will be made.
I. INTRODUCTION

ADDITIVE manufacturing (AM) is an emerging
technique to create near-net shape parts in complex geometries for a variety of applications. [1, 2] Several commercial methods are available to produce parts from a wide variety of materials, including structural metals, such as stainless steels. Though there are many different types of AM processes, most are linked by the common goal of localized melting and relatively rapid solidification of precursor material (typically 10 4 to 10 6 K/s) to create solid volumes of fused material in prescribed shapes. Each technique then has some unique processing parameters (i.e., method of powder distribution, powder size, laser power, and travel speed and pattern) which may weigh differently on the final part.
Metal powder is a commonly used feedstock for processes such as directed energy deposition (i.e., the Optomec system used in this work), and powder bed fusion (i.e., the EOS system presented here). [3] Much of the current research efforts in the field of AM are devoted to understanding processing parameters and their effect on materials properties and, ultimately, part performance. [3] [4] [5] [6] [7] [8] [9] Relatively fewer studies characterize the initial powder feedstocks and effects they might have on the final parts. Those that do study feedstock sometimes note the size distribution and morphology of the feedstock as an important parameter in the AM process (such as Reference 10), or focus on changes as a function of powder reuse (such as Reference 11) . There are a few studies following internal porosity from powder to final part, such as the works of Ng et al., [12] and Cunningham et al. [13] [14] [15] Even so, the effects of defects present in virgin powder, especially with regard to powder chemistry, and their effect on the final microstructure remain largely unstudied.
The present work examines AM powder feedstock particles designed for two different AM processes. AM parts were built using each process, and the final microstructures were characterized. Selected parts were heat treated after the build process to examine changes in microstructure due to temperature. During post-mortem investigation of AM parts, a fine dispersion of sub-micron particles was observed in the microstructure. Such particles were strongly correlated with ductile dimples on fracture surfaces. Post-mortem TEM of as-built and heat-treated specimens was used to characterize the particles. The general composition was measured, and it was revealed that the particle sizes and distributions were not greatly affected by post-build heat-treatment. Furthermore, these particles are not present in traditionally manufactured, wrought material. TEM studies are rarely performed on AM materials, so these sub-micron microstructural features are generally unreported in literature. In order to determine the origin of these particles, a small study of the powder feedstock was performed. Investigation of the 304L and 316L stainless steel powders used to create the AM parts revealed a fine dispersion of particles on the surface of the powders. Chemical analysis of surface particles revealed compositions drastically different than the parent alloy material. Additionally, a series of defects internal to the powder granules (porosity) was observed. Such features may persist throughout the build process and remain throughout the microstructure in built parts, and therefore are an important consideration to the AM lifecycle, especially for quality assurance and part/process qualification and certification purposes. Additionally, these observations may provide insights into important considerations for defect characterization with regard to powder reuse.
II. EXPERIMENTAL PROCEDURES
AM parts were built using both the Optomec Laser Engineered Net Shape (LENS) MR-7 laser additive manufacturing system (representing directed energy deposition), and an Electro-Optical Systems (EOS) M280 laser powder bed system (representing powder bed fusion). Powder feedstock was procured from Carpenter Powder Products in two different alloys: 304L and 316L stainless steel. Additionally, two separate lots of 304L powder were procured, representing both a commercial off-the-shelf (COTS) product, and a pedigreed powder (ADET) with a lower sulfur content. Thus, three different powder chemistries were explored in this work. The compositions of the major alloying elements in each powder are shown in Table I , along with nominal compositions for each alloy. Size distribution was selected to be compatible with either the LENS or the EOS systems, as appropriate, as each system has a different manufacturer-suggested particle size as a result of their respective build mechanics. The LENS 316L powder particle size was constrained between 53 and 180 lm by standard sieving, while the LENS 304L powder was between 44 and 106 lm. The EOS 304L powder was finer, between 15 and 45 lm.
AM parts were built using the same settings from previous work; Complete details of the build parameters can be found elsewhere. [4, 5] Briefly, the 316L parts were built using the LENS, as solid cylinders, 2.5 cm in diameter and 3.3 cm tall, deposited onto a 0.95-cm-thick 304L plate substrate. A 1070 nm Yb-fiber laser at 380W was used to melt the powder, which was fed at a constant rate of 6.26 g/min. Laser focal length was 160.4 mm, and the focus condition was set such that the minimum waist of the focused beam was $3.8 mm below the surface. Each layer was patterned at 1.12 cm/ s, with a 90 rotation of the hatching between layers. An argon atmosphere was used to minimize oxygen uptake. After fabrication, the 304L substrate was machined away, and the cylinders were sectioned using electrical discharge machining (EDM). Sections of one cylinder were heat treated at 1060°C for one hour in vacuum to recrystallize the microstructure and cooled to room temperature in 2.5 minutes by rapid gas quenching using argon.
The 304L material was built as vertical plate material using both the LENS and EOS systems. For the LENS, specimens were fabricated on a 304L baseplate in the vertical direction. Laser power was 800W. Each layer was patterned at 1.693 cm/s with a 90 rotation of the hatching between layers. An argon atmosphere was used to minimize oxygen uptake. For the EOS, specimens were fabricated on a 50.5-mm-thick 304L baseplate with a vertical build direction using the EOS-developed PH-1 20 lm (layer height) setting. Aside from layer height (20 lm), most of the build parameters were obscured by the proprietary software.
Several flat dogbone tensile specimens were prepared from the 316L material and tested to failure to observe the behavior at the fracture surfaces. The tensile axis was parallel to the build direction, with a 10.16 mm gauge length, 2.69 mm gauge width, and 3.175 mm thickness. Fractography was performed on the fracture surfaces as tested, without additional preparation.
Powder samples were prepared for SEM by pouring powder onto carbon tape fixed to an aluminum stub and tapping the side of the stub to remove any loose, excess powder. An FEI Inspect scanning electron microscope (SEM) was used to image fracture surfaces and powder samples. To obtain cross sections of each powder, a layer of powder was encased in epoxy and prepared metallographically by standard grinding and polishing techniques. A Zeiss Axio Imager M2m light optical microscope was used to image powder cross sections. Samples for general metallography of the post-build AM microstructures were sectioned and prepared using standard metallographic techniques to enable analysis in an electron microscope. An FEI XL30 SEM equipped with an TSL/EDAX electron backscatter diffraction (EBSD) system was used to measure grain orientations. Each scan was cleaned with a single iteration of the Neighbor Confidence Index (CI) Correlation in the TSL/EDAX software, with a minimum CI of 0.05. Conventional foils for analysis using a transmission electron microscope (TEM) were prepared by thinning sectioned material to $150 lm using standard metallographic techniques and using a specialized punch to create discs with 3mm diameters without damaging the center of the samples. A sample of wrought (heavily worked by both hot and cold forging) 304L stainless steel was also prepared to serve as a baseline for comparison of the TEM results. A dual-jet electropolisher with an applied voltage of 21.5 V was used to thin each disc to electron transparency. The electrolyte was a solution of 10 pct perchloric acid and 90 pct methanol, cooled to 228 K.
An FEI Helios 600 focused ion beam (FIB) was used to prepare TEM foils to examine nanoscale surface particles from individual powder granules. As traditional methods of FIB-based TEM foil preparation call for a protective layer of Pt of C material which would encase the particles of interest and make imaging impossible, a modified FIB technique was developed. No protective layer was deposited, and the foil itself was left thicker such that surface particles would not be modified in any way by FIB preparation. The small surface particles could then be imaged in profile (tangential to the initial powder surface), allowing similar TEM analyses as conventional foils. The FIB was also used to prepare serial sections of a powder particle to examine internal porosity by milling away the particle in several large steps to observe defects.
An FEI Tecnai TF30 TEM with an accelerating voltage of 300 kV was used for imaging. The microscope was equipped with an EDAX energy dispersive spectroscopy (EDS) detector, which was used to measure elemental composition of phases. Dislocation density was measured using the dislocation end point per area method, described in detail elsewhere. [16] Particle size distributions were compiled by measuring the particle diameters for many particles using the ImageJ software package.
III. RESULTS & DISCUSSION
A. Initial Microstructure
The initial microstructure of the as-built and heattreated 316L stainless steel is shown in Figures 1(a) and 1(b), respectively. These inverse pole figure (IPF) maps show the orientations and morphologies of the grains in the AM samples. Both scans were from similar areas of the build in relation to both the final part and the initial substrate. Areas scanned were near the bottom of the build. Several scans were done with a range of sample areas, locations, and step sizes to characterize the microstructure. The IPFs shown in Figure 1 are representative of the overall microstructure. The scans shown here were collected with a large area-of-interest and a step size of 5 lm. The as-built microstructure shows the typical macroscopic squamous or ''fish scale'' motifs common in as-built AM parts when viewing parallel to the laser travel direction. The heat-treated 316L sample recrystallized into a more equiaxed grain structure. Figure 2 shows microtexture plots measured from EBSD. A modest decrease in overall texture is observed as a result of heat-treatment, consistent with previous work.
[ 5] The heat-treatment was selected to produce not only this more general, equiaxed microstructure, but to dissolve and redistribute any non-equilibrium second-phase particles that may have been present in the as-built condition as a result of the AM process.
B. Mechanical Testing
Quasi-static mechanical tests were performed on 316L tensile specimens. The tensile data itself will be presented elsewhere, but example stress-strain curves for tensile specimens in the as-built and heat-treated conditions are shown in Figure 3 . Here, the tensile direction was parallel to the build direction. The fracture surfaces from these tests, shown in Figure 4 , display some unique features that are not observed in tests of non-AM specimens. Despite differences in microstructure, both fracture surfaces exhibit ductile dimpling, typical during failure of ductile metals. Interestingly, small, sub-micron sized particles are observed near the bottom of many dimples (see arrows in Figure 4 ). These particles are evident in both the as-built and heat-treated condition of the 316L, indicating that their solvus temperature is greater than that used for the heat-treatment, 1060
C. The very fine size of these particles, and their location at the bottom of dimples, made energy dispersive spectroscopy (EDS) analysis prohibitively difficult using SEM. Instead, TEM was used to characterize the microstructure and determine the chemistry and morphology of such particles. Additionally, TEM was used to examine how prevalent the particles are and whether they are distributed evenly, or tend to segregate to any specific microstructural areas (such as grain boundaries).
C. TEM Results
Scanning transmission electron microscopy (STEM) is used throughout this work. The convergent beam creates a fine probe size, which is not only useful for selecting small areas of interest for EDS, but creates favorable imaging conditions over large areas of the sample despite large dislocation densities or local lattice distortions due to internal stresses. [16, 17] Chemical composition of each material, including both the matrix and second-phase particles, was determined using EDS with a standardless quantification analysis. Consequently, the results should be treated in a somewhat qualitative fashion, as the measurement error can be significant in some cases. Several similar regions of interest were used in this work to capture a more statistically significant representation. Small local variations in chemistry at the microstructural level are expected due to the solidification process. Additionally, because the STEM probe can excite the entire thickness of the foil, particles which were overhanging the center hole in the TEM foil were preferred for analysis, as this greatly reduces the possibility of measuring matrix material above or below the particle, which would then be averaged into the EDS results. Figure 5 shows the microstructure of the 316L stainless steel produced by LENS in the as-built condition. A fine dispersion of particles were observed throughout the microstructure, consistent in size and distribution with those observed in the dimples on the fracture surfaces. Figure 6 (a) shows the particle size distribution for the as-built 316L LENS build. Average particle size was 143.7 nm, with a standard deviation of 56.7 nm. There is a large spike between~200 and 220 nm, representing a large population of particles near that size, more than what would be predicted by a lognormal distribution alone. Figure 6 (b) shows the particle size distribution for the heat-treated 316L LENS build. Average particle size was 147.8 nm, with a standard deviation of 66.9 nm. The distribution of particles in the heat-treated specimen does not show large changes from the as-built condition, indicating that the heat-treatment (1060 C for 1 hr) had little effect on the particles. One example of a particle suitable for EDS quantification is shown in Figure 7 , and the resulting chemical quantification is shown in Table II . The particles often exhibited subtle faceting (as seen in Figure 7) , with an apparent angle of~140 deg commonly seen between adjacent faces. While the exact chemical composition varied slightly from particle to particle, the members of the class of particle of similar size and morphology as depicted in Figure 7 tended to be rich in Mn, Si, and O, and incredibly lean (relative to the nominal alloy composition) in Fe, Cr, Mo, and Ni. This composition does not resemble any of the expected second-phase compositions for 316L steel. EDS is good for qualitative measurements, but has some inherent measurement error, sometimes causing the elemental quantification to not balance to 100 pct (as is the case in Table II) . Even so, larger trends and compositional differences on the order of a few percent or larger, such as those seen for the particles measured in the as-built part, are significant relative to the experimental error reported in Table II .
316L stainless steel
Additionally, some structure within the particles was sometimes observed (manifesting as features or large deviations in contrast relative to the particle average, as in Figures 7 or 9(c) ), which may be a result of thickness variations in the particles or surrounding matrix, possibly due to faceting. It is also possible that the particles adopt a more complex core-shell structure, which would also lead to different elemental composition at various parts of the particle itself. EDS performed as part of this study employed a point scan technique, and benchmarks only against matrix compositions. Details of the localized chemistry differences in particles relative to particle structure will be the subject of future work. Figure 8 shows an example of a particle in the heat-treated 316L material. observed in the heat-treated 316L AM parts (as well as a summary comparison of all EDS quantifications from bulk samples in this work). As was the case for the as-built condition, the heat-treated particles are rich in Mn and O. In contrast to the as-built, however, the heat-treated particles are also rich in Cr, and lean in Si. The mechanism for the differences in Cr and Si content due to heat-treatment is unclear. If a core-shell chemistry distribution is assumed instead of a homogeneous distribution, it may imply that the nuclei of such particles are stable at temperature, but that the outer shell is not. It is possible that the heat-treatment modifies only the outer shell, depleting Si while allowing a Cr shell to replace it. Alternatively, it may also be possible that the particles are formed through a separate mechanism of dissolution and reformation. However, the selected temperature was likely too low to have a large impact on oxides in the microstructure, and the fact that the size and distribution of particles are roughly the same suggests a more subtle refinement of existing particles rather than a dissolution/precipitation mechanism. Saeidi et al. observed particles with some qualitative similarities in 316L steel produced by laser melting in an EOS machine and subsequent heat-treatment. [18, 19] Direct comparison with that work, however, is difficult. The EDS maps presented there show qualitative agreement with the deficiency in Fe, Mo, and Ni noted here. However, the authors do not report Mn content, and the EDS map presented shows a deficiency of Cr in the particles shown, in contrast to the trend observed here (though the text indicates that the particles contain Cr, in apparent agreement with that presented here). No quantification of elemental composition of the particles was presented to compare to the present work.
Dislocation density for the as-built 316L, measured directly using the technique described above, was 2.77 Â10 14 m À2 for the area shown in Figure 5 (a). Very few dislocations were observed in the AM 316L steel in the heat-treated condition, so dislocation density for that sample is not reported here. These values are in line with expectations due to the high residual stresses found in as-built AM parts, relative to a heat-treated condition. Dislocation densities for all materials in this study, measured from the micrographs presented, are shown in Table III . It should be noted that dislocation density was only quantified from the area shown in the presented micrographs. Some variability in dislocation density is to be expected in any specimen, but this variability may be especially acute when considering the microstructures of as-built AM samples, which are not expected to have homogeneous distributions due to the complex solidification process and varied thermal histories. [5] Even so, qualitative comparisons may be made, and large differences in dislocation density are observed as a result of thermal history. Alloying effects are not specifically accounted for here, so comparisons between 316L and 304L materials will not be made.
304L stainless steel
Further TEM studies were performed to determine the frequency of these particles in the microstructure as a function of AM processing platform, as the LENS and EOS systems use very different processing parameters to arrive at final parts. Figure 9 shows TEM micrographs of 304L stainless steel produced by LENS. Figure 9 (a) shows a bright-field micrograph of the microstructure. Regions of ferrite are visible decorating the grain boundaries. Total ferrite fraction was quantified to be < 3 pct. A dispersion of small particles of similar size and shape to those observed in the ductile dimples of the 316L fracture surfaces can be seen throughout the microstructure (two such particles are denoted by arrows in Figure 9(a) ). Occasionally, very large (several hundreds of nm in diameter) particles were observed (such as the one shown by an arrow in Figure 9 (b), $775 nm). The large particle shown was rich in Si, Mn, Ca, and O, and may represent a foreign particle of soil or mineral sand, possibly originating in the feedstock and persisting as an inclusion in the final build. Such particles, though occasionally present, are rare in the microstructure. EDS quantification for particles of similar morphology to those shown in Figure 9 (a) is presented in Table II . Similar to the 316L LENS part (as-built), particles are rich in Mn, Si, and O, and lean in Fe, Cr, and Ni.
As before, dislocations are present throughout the microstructure. Dislocation density was measured at 7.45 9 10 12 m À2 and 4.31 Â 10 12 m À2 for the area shown in Figures 9(a) and (b) , respectively. This represents a moderate dislocation density, as might be expected in the as-built condition, where residual stresses are expected to be high. Furthermore, dislocations can be seen accumulating around particles in the microstructure, indicating that the particles probably contribute to hardening during plastic deformation. Figure 10 shows STEM micrographs of the 304L EOS parts in the as-built condition. A high dislocation density was observed, (2.72 Â 10 14 m À2 for the area shown in Figure 10(a) ). This is higher than the LENS built microstructure, and consistent with the lower heat input during building, faster local cooling rates, and higher residual stresses of the EOS technique. The particles observed in the microstructure were generally round in shape. Table II shows the chemistry for one such particle, though others were tested to have a similar composition. The particles are rich in Mn, Si, and O, and lean in Fe, Cr, and Ni, with respect to the nominal matrix composition. The 304L LENS built parts have a very similar composition (see Table II ).
As seen in Figures 9(c) and 10, the particles in the microstructure of the 304L EOS build often display a morphology that is mostly round with ''notches'' removed from one or more areas around the outer edge of the particle. The different contrast in these notched regions indicates a decrease in material density, and line scans through the particles indicate that there might be a small preference for Si to segregate to these regions.
With greater time at temperature (such as the LENS process, or being subjected to a post-build heat-treatment), this may develop into a more consistent core-shell structure. Future work should study the internal chemistry of the particles in greater detail to examine this hypothesis. Figure 6 shows the particle size distribution for the AM specimens. The data for the 304L LENS build are shown in Figure 6 (c). Average particle size was 196.9 nm, with a standard deviation of 30.4 nm. A lognormal distribution (represented by the red line) fits the data well. Figure 6(d) shows the distribution of the 304L EOS build. Average particle size was 24.8 nm, with a standard deviation of 22.6 nm. The median for this distribution was 16.2 nm. In contrast to the LENS build, the particles in the EOS build exhibit a bimodal distribution. Most particles are very small (< 30 nm). However, there is a population of much larger particles (60 to 120 nm) present in the microstructure as well. It is important to note that overall, the particles are much smaller than for the LENS build. Assuming coarsening occurs, this smaller particle size is expected due to the much higher cooling rates operative in the EOS process leading to a reduced dwell time in the liquid phase. When accounting for these populations separately, the mean, median, and standard deviation for the small particles are 17.9, 15.4, and 7.8 nm, respectively. The mean, median, and standard deviation for the larger particles are 86.4, 82.2, and 17.1 nm, respectively. Figure 11 shows a TEM micrograph of the wrought 304L material (not produced by additive manufacturing). The material exhibits a high dislocation density ($ 1.84 Â10 14 m À2 for the area shown), as might be expected from a wrought forged process, and similar to the EOS process. In contrast to the EOS-built material, this high dislocation density is believed to result from extensive cold-work rather than residual stresses, though the final dislocation density is similar. In contrast to the AM parts, no small Mn/Si/O-rich particles are present in the wrought material, nor were they observed in TEM studies of fusion welded 304 material, [20, 21] indicating that the particles are likely a result of some step in the AM lifecycle. This is not to say that they must be due to the build itself, however, as it is also possible that the particles originate earlier in the AM lifecycle. Similar small particles were observed in each of the AM parts, regardless of process (LENS vs. EOS), or heat-treatment, as indicated in Figures 7, 9 , and 10. Size distributions change somewhat, as a function of AM process parameters, but the particles are still present. Accordingly, a review of the feedstock materials was undertaken to determine which defects, if any, are present in the initial powder feedstocks, and determine how they evolve as a function of AM processing.
D. Analysis of Feedstock Material
The powder feedstock was analyzed to determine the nature and relative number of defects that may have been present before AM processing was performed. Figure 12 shows the powder used in this study. The shape and oblateness of the powders, while potentially important for flowability of the powder, [22] is beyond the scope of the present work, aside from the observation that most particles are qualitatively roughly spherical and sometimes have smaller powder particles (satellites) agglomerating on the surface of larger particles. An example of this is shown in Figure 13 . Additionally, solidification defects are sometimes found on the surface (also shown in Figure 13 ), characterized by regions of relative disorder at the powder surface, sometimes filled with smaller nodules of material. Such defects may increase surface roughness, but are not expected to markedly affect the AM build process. A closer look at the typical powder surface ( Figure 14) shows a mostly smooth surface, with evidence of solidification structure. At the highest magnifications, a fine dispersion of particles can be noted. These particles are typically on the order of 30-60 nm, making in situ chemical analysis extremely difficult in SEM. Hence, to measure surface particle chemistry in TEM, a modified focused ion beam (FIB) TEM foil extraction procedure was developed. Unlike a conventional FIB-prepared TEM foil, no Pt or C protective layer was used so as not to obscure the surface particles. To view as many particles as practical, the foil was left somewhat thick (on the order of a few microns). The features at the surface of the particle were then viewed from the side (tangential to the original surface of the particle), and were small enough to be electron transparent without additional preparation, enabling viewing with TEM where they protruded above the surface of the particle. This technique enabled limited EDS of surface particles similar to those previously performed. EDS spot analysis for the powder is shown in Table IV . The chemistry of the bulk (sub-surface regions) of the powder are similar to the expected values from Table I. EDS analyses for two different surface regions are also shown in Table IV , representative of several different measurements. All of the surface particle scans showed below-nominal levels of Cr. One surface particle was rich in Mn and Ni, while the other was lean. The second surface particle scan also showed significant O content. Both particles shown in Table IV show greatly increased Si content compared to bulk. Recall that the particles observed in as-built 316L and 304L parts were lean in Cr, while rich in Mn, Si, and O. This strongly suggests that the surface particles of the powder contribute or directly translate to the particles observed in the final parts shown in this work. Overall, a significant amount of variability in chemistry was observed between surface particles. This could be a result of the powder production process, and suggests that the starting powders are not chemically homogeneous initially. This might be expected from a rapid solidification process like gas atomization. Additionally, occasionally surface particles were seen to have somewhat elevated levels of P or S, both seen in trace amounts in the bulk material and as-built parts. If these elements segregate to the surfaces of the powder, they must disperse during subsequent processing, as these elements were not seen outside the expected range previously. A systematic study of initial powder chemistry would be beneficial in future studies. It should be noted that, although not pictured in Figure 13 , these particles are also present on the EOS powder, as well, at roughly the same scale, indicating that the powders probably originate from the same or similar process and are sieved to select the appropriate size for each AM process. Additionally, the particles are present in both the ADET and COTS 304L powder, suggesting that the small difference in chemistry had no marked effect on surface particle formation. It is not definitively known whether these particles are confined to the surfaces of the powder, or if there is also a population internal to the powder, though no internal particles were obvious in the cross sections discussed below. The very fine size of these particles is much smaller than the particles observed during TEM of the AM parts, indicating that if these are precursors to those observed in the AM microstructures, they must coarsen during the AM build process (and any subsequent heat-treatment).
Internal porosity is a common defect in parts built using AM. Often, these are assumed to arise from a lack of fill or fusion, or incomplete powder melting, due to insufficient heat input. Due to rapid cooling rates and fast solidification rates inherent to AM, porosity internal to the powder feedstock has the potential to be incorporated directly into the final parts, as well. To investigate this, a single granule of 304L stainless steel powder was serial sectioned in a FIB to determine whether voids exist inside a particle that otherwise appeared defect-free. Figure 15 shows one of the several sections taken through a particle. It should be noted that the vertical striations present in the images are a curtaining artifact from the FIB, a result of slightly uneven ion milling due to the large particle size and lack of a protective Pt deposited on top of the particle, and do not affect the observed voids. Porosity is evident throughout the particle, but the largest cavities tend to be near the center of the powder. Additionally, many of the pores have a faceted structure, consistent with solidification defects. Because the powders were created through a gas atomization process, it is most probable that the powders have some content of entrapped gas, which, when cooling rates are considered, is likely to also be directly incorporated and present in the final microstructures of AM parts. The FIB technique is useful to obtain a view of internal porosity at many depths in a single particle. To increase statistics over many particles, a single section technique is used, wherein each powder was embedded in epoxy and prepared metallographically such that a cross section through many particles could be viewed. Figure 16 shows these cross sections for both LENS and EOS 304L stainless steel powder. Similar to the serial sectioning, many particles contain large pores near the center of the powder granules. Some are a significant fraction of the overall particle diameter. Most particles contain at least some small pores, though the smaller sized pores may not substantially impact final build quality. It is likely that final pore population (size and distribution) in as-built AM parts depends not only on the initial pore population found in the feedstock materials, but also the processing parameters of the AM build process itself. This is consistent with the findings of Ng et al., [12] who observed similar behavior in gas atomized Inconel 718. An in-depth discussion on gas entrapment as a function of processing (and specifically Marangoni flow) can be found there.
Cooling rate, specifically, is expected to have a large impact on final pore sizes. Hofmeister et al. measured cooling rates at the solid-liquid interface for the LENS Measurements correspond to as-built 316L LENS particle (Fig. 7) , heat-treated 316L LENS particle (Fig. 8) , as-built 304L LENS particle, and as-built 304L EOS particle. process on the order of 10 2 to 10 3 K s À1 depending on processing conditions. [23] This is more or less consistent with cooling rates numerically calculated [24] and experimentally determined [25] by Zheng et al., where rates were found to be as high as 10 3 to 10 4 K s À1 . Gray et al. [9] calculated cooling rates of 5.5 Â 10 3 to 1.1 Â 10 4 Ks À1 in the same LENS-produced 316L stainless steel used in this study by measuring interdendritic spacing. [26] Applying this same technique here for EOS-produced 304L (using the same parameters presented in Reference 9) yields a cooling rate of $ 2.25 Â 10 6 Ks
À1
(for the area shown in Figure 10 . Vilaro et al. have estimated a cooling rate of $ 10 4 K s À1 for powder bed techniques. [27] Vilaro also noted entrapped gas in as-built parts, but attributed them to gas trapped between particles of powder. These cooling rates are sufficiently fast that gas trapped in powder particles may not escape before solidification. Given the large pores shown in Figure 15 , gas internal to the powder feedstock particles should also be considered as a point of origin for such entrapped gas. Figure 17 shows an EBSD IPF map of 304L stainless steel in the as-built condition, with a large spherical pore clearly visible in the center of the image. It is also notable that this pore occurs internal to a single grain, not at a grain boundary as would be expected from a lack-of-fusion or solidification defect. This is consistent with similar porosity defects in Ti-6Al-4V. [13, 28] Cunningham et al quantitatively observed pore populations in as-built Ti-6Al-4V material using X-ray tomography. [13] [14] [15] Average pore size was approximately 10 lm in that work, though the resolution limit of 1.5 lm may prevent imaging the smallest pores. Certainly some of the largest pores, $ 50 lm, could be consistent with porosity present in the powder feedstock material, as demonstrated by Figure 16 . Investigation of whether there is a critical flaw size for AM parts which impacts relevant materials properties during service should be considered, but is outside the scope of the current work. It is important to note that if such pores are filled with entrapped inert gas carried over from the starting powder feedstock, a hot isostatic press (HIP) treatment, often used to attempt to close porosity due to solidification defects, [3, 29] will not remove this porosity. [15] IV. CONCLUSIONS Additive manufacturing was used to build several 304L and 316L stainless steel parts. For the 316L material, a directed energy deposition technique was used to build parts, and a subsequent heat-treatment was applied to some of the samples. Two different processes were used, directed energy deposition and powder bed fusion, each requiring similar feedstock powder with different size distributions. Resultant fracture surfaces from tensile testing revealed ductile dimples typical of structural metals, but small precipitates were observed in many of the dimples. An examination of the microstructure using TEM revealed that the AM parts had a fine dispersion of sub-micron (< 200 nm for LENS, < 120 nm for EOS) particles throughout the microstructure. Chemistry of the particles was measured using EDS. Relative to the matrix composition, they were rich in Mn, Si, and O, and deficient in Fe, Cr, Mo, and Ni. Post-build heat-treatment had only a small effect on the precipitates. Heat-treated particles were roughly the same size as the particles in the as-built microstructure. Chemistry of the heat-treated particles was slightly different than the as-built condition: rich in Mn, O, and Cr, while lean in Fe, Mo, Ni, and Si. Such particles were neither observed in wrought material, nor reported in previous literature on fusion welding in steels, indicating that the particles are likely a function of the unique AM lifecycle.
Powder feedstock was analyzed to determine if the particles were present before the build, or if they were a result of the AM process. Very small (30 to 60 nm) particles were observed on the surface of the powder feedstock granules, thought to be a result of the powder manufacturing process. EDS was used to measure chemical composition of particles on the surface of powder granules. While overall chemistry was fairly heterogenous relative to bulk, the chemical composition at the surface particles was similar to the composition of particles in as-built parts, indicating that the two populations are correlated. Porosity, sometimes large relative to particle size, was observed as well. Gas atomization of powder feedstock raises the potential that these internal defects are filled with inert gas, which may become trapped in AM parts as bubbles due to the rapid solidification rates inherent to AM processing.
Aside from the AM-related particles, TEM was used to characterize the microstructures of AM materials. Ferrite phase was observed in parts created by LENS, but was not observed in EOS-made material. Dislocation density was quantified for all processes, including wrought material. Dislocation density was highest in wrought and EOS (which were similar), and lowest in LENS material. Very few dislocations were observed in heat-treated LENS material. This is all consistent with the respective thermal histories expected from each process.
